Abstract: Ti Grade 2 was prepared by cryogenic attritor milling in liquid nitrogen and liquid argon. Two types of milling balls were used-stainless steel balls and heavy tungsten carbide balls. The effect of processing parameters on particle size and morphology, contamination of powder and its microhardness was investigated. Milling in liquid nitrogen was not feasible due to excessive contamination by nitrogen. Minor reduction of particle size and significant alterations in particle morphology depended on type of milling balls and application of stearic acid as processing control agent. Heavily deformed ultra-fine grained (UFG) internal microstructure of powder particles was observed by the method of "transmission Kikuchi diffraction".
Introduction
Titanium is a promising material for advanced applications thanks to its high specific strength, excellent corrosion resistance and good biocompatibility. In order to overcome its poor machinability and to reduce material losses, powder metallurgy routes for processing Ti and titanium alloys have been seriously considered since 1980 [1, 2] and recently comprehensively reviewed in [3] . Most attention is, naturally, paid to methods of powder production and methods of subsequent compaction. However, powder metallurgy represents an opportunity to affect the properties of the final bulk material via manipulating with the powder. Characteristics of powders such as particle size, particle morphology, material contamination and internal microstructure affect the compaction processing and ultimately the properties of final bulk products.
The properties of bulk materials can be influenced by mechanical milling. The term "milling" itself obviously refers to the reduction of particle sizes by mechanical forces. However, in the case of ductile materials, the particle size reduction may not be easily achievable, which will be discussed below for titanium and its alloys. However, even when the overall particle size is reduced only slightly, internal microstructural changes within each particle might be significant. During mechanical milling, powder particles are repeatedly fragmented and cold-welded together [4] , which determines their final size. However, this process is accompanied by intensive plastic deformation of individual particles and subsequent grain refinement within each of them. Note that the term "particle size" refers to the size of an individual powder particle and shall not be mixed with the term "grain size" that refers to the size of the grain of the polycrystalline structure within a particle. Finally, "crystallite size" refers to the size of a coherently diffracting domain in an X-ray diffraction (XRD) experiment.
High-energy ball milling is one of the most efficient methods for microstructural refinement of powder particles [4] . It is well known that reducing grain size in the bulk metallic material to submicrometer levels significantly improves its mechanical properties due to the well known Hall-Petch relation. Some scientists therefore aimed on microstructural refinement via reducing the particle size of titanium powder to sub-micrometer levels by ball milling [5] , despite, as described below, particle size reduction is not required for grain size reduction [6, 7] .
The peculiarity of titanium is an immense affinity to oxygen, nitrogen and also hydrogen intake from the environment. Ball milling of Ti in the air atmosphere resulted in formation of titanium oxides, titanium nitrides and to significant intake of O and N in hcp (hexagonal close packed) Ti-matrix [8] . The formation of uncommon fcc (face centered cubic)-Ti(O,N) was also documented [8, 9] . Similarly, titanium hydride formed during ball milling of Ti in hydrogen atmosphere [10] . All these compounds and also hcp Ti-matrix with high O and/or N content are brittle and therefore allow to reduce particle size during milling. For instance, long-term milling led to particle sizes below 50 nm [5] . Despite the milling was performed in argon atmosphere, nitrogen intake could be demonstrated by observing Ti nitrides by XRD [11] . On the other hand, when the contamination by H, C, N and O was prevented, the reduction of particle sizes was only minor [12, 13] .
Fortunately, particle size reduction is not required for grain size reduction. High-energy ball milling provides sufficient energy to plastically deform individual powder particles. Each particle is repeatedly severely plastically deformed during the process causing an increase of dislocation density and a grain refinement. Ultra-fine grained (UFG) materials exhibit superior properties [14] and can be achieved by high-energy mechanical milling followed by appropriate compaction method [12, 15, 16] .
Thermally activated processes of recovery and grain growth may prevent microstructural refinement by severe plastic deformation. Milling under cryogenic temperatures (typically in liquid nitrogen (LN) or liquid argon (LAr) slurry) can be employed to suppress recovery and dynamic recrystallization. Cryogenic milling leads to the reduction of powder crystallite size to the order of tens of nanometers for aluminium [7] and for titanium and its alloys [15, 17, 18] . At the same time, the diffusivity of possible contaminating elements such as N or O is significantly reduced [17] . Despite the reduced diffusivity, liquid nitrogen was found to be unsuitable as a cooling agent, because Ti powder became seriously contaminated by nitrogen (up to 2.99 wt % of N) even at cryogenic temperatures resulting in the brittleness of a bulk material [19] . This confirmed the earlier results obtained in [12] .
Presented study shows the effect of processing parameters of cryogenic milling on particle size, morphology, microstructure, microhardness and contamination of commercially pure Ti powders. Next to commonly used stainless-steel milling balls, tungsten carbide balls were used. Hard and heavy tungsten carbide balls were successfully applied in producing titanium nitrides, borides or silicides [9, 20, 21] . However, the use of very hard milling medium can result in the incorporation of material of milling balls into the milled powder [4, 22] . Tungsten carbide balls for milling titanium were used in a remarkable study by Sekiguchi et al. [13] . Potential contamination was avoided by covering of tungsten balls by titanium film using preliminary milling of small amount of Ti powder. Contrary to previous investigations, the presented study provides, next to other results, a direct comparison between employing stainless steel and tungsten carbide milling balls.
Experimental Methods
Commercially pure Ti powder (Grade 2) manufactured by gas atomization (TLS Technik GmbH & Co. Spezialpulver KG, Bitterfeld, Germany) was used as initial feedstock powder. All handling was performed in air.
Powder milling in liquid nitrogen (LN) or liquid argon (LAr) slurry (wet milling) was performed in Union Process 01-HD attritor (1400 cm 3 ). Stainless steel (SS) and tungsten carbide in Co matrix (WC-Co) balls (6.35 mm in diameter) were used as grinding media. WC-Co balls are significantly harder and twice heavier than SS balls, therefore an increased efficiency of milling is foreseen. Milling conditions are summarized in Table 1 . Note that ball-to-powder ratio (BPR) is calculated as the ratio of mass of balls divided by the mass of powder feed. Therefore, using high-density WC-Co balls led to doubled BPR, despite the volume of balls and the powder remained the same. Stearic acid (SA, see Table 1 ) was used as a process control agent to prevent excessive cold-welding in samples LAr-SS-700/4-SA and LAr-WC-650/3-SA. The used amount (8 wt % of powder) was found to be efficient in suppressing the cold-welding; it was found in a later trial attempt that 0.5 wt % might be sufficient. In order to remove remaining SA adhered to the powder particle surface after milling (and thus to reduce the overall contamination), powders were washed in ethanol and filtered using filtration paper three times.
Milled powder was observed by scanning electron microscope (SEM) FEI Quanta 200F (Hillsboro, OR, USA) equipped with a FEG (field emission gun) cathode and an EDAX energy dispersive X-ray spectroscopy (EDS) detector (Mahwah, NJ, USA). The amount of light elements (N, O, H) was measured by carrier gas hot extraction (CGHE) method. For quantitative analysis of size and morphology, powder particles were hot mounted in an epoxy resin, grinded and polished using standard metallographic methods and examined using SEM. On the cross-section of the specimen, microhardness of powders was measured by Qness Q10A testing machine (Golling, Austria) using Vickers method with very low force of 0.002 kgf (HV0.002) to reduce the size of the indent. 50 selected particles of each sample were manually measured.
In order to observe the powder internal microstructure directly, scanning electron microscopy with the detection of transmitted electrons (STEM) and transmission Kikuchi diffraction (TKD) methods were used. TKD method is also referred to as "transmission EBSD". The best planar resolution of electron back-scattered diffraction (EBSD) in conventional geometry is typically between 30 and 50 nm, and can be up to 200 nm in the perpendicular longitudinal (primary beam) direction, depending on the material and acceleration voltage [23] . For ultra-fine grained materials with grain size from few tens to hundreds of nanometers, the resolution of conventional EBSD is not sufficient since the interaction volume is comparable to the grain size. Moreover, in heavily deformed materials, the EBSD analysis is obscured by high dislocation density, residual strains and lattice rotations. Therefore, to overcome this effect, Keller and Geiss [24] realized that Kikuchi diffraction pattern observed in common EBSD from back-scattered electrons can be observed also for forward-scattered electrons propagating through a thin sample and suggested appropriate changes in the geometry of observation. It was shown that two points with different crystalline orientation separated by only 2.5 nm [25] can be successfully measured and indexed. This method can be used in a conventional SEM equipped with an EBSD detector, nevertheless a thin specimen having the thickness of the standard TEM foil is required.
In this work, a lamella was cut from a selected powder particle and carefully thinned using gallium focused ion beam (FIB). Note that it is uneasy to find suitably oriented particle for lamella preparation and that the orientation of the lamella within the particle is unknown. Zeiss Auriga Compact FIB-SEM (Jena, Germany) with EDAX EBSD detector was used for the sample preparation, STEM imaging and TKD measurements with the step size of 5 nm. EDAX OIM software (version 7.3, Mahwah, NJ, USA, 2015) was used for data collection and processing.
Results

Particle Size and Morphology
Spherical morphology of the gas atomized particles (Figure 1a Due to significantly different shapes of powder particles, it is not obvious how to determine and compare particles sizes. Maximum and minimum Feret diameter (also known as caliper diameter) and their ratio (aspect ratio) was evaluated for each particle from cross-section images (several thousand of particles were analyzed for each sample). The median, 10th and 90th percentile (weighted by relative area) were calculated, the results are summarized in Table 2 . Cryogenic milling lead to minor particle size reduction only when cold-welding was suppressed, while morphology was significantly affected in all samples as documented by Figure 1 . Particles in powders milled without stearic acid clearly formed by excessive cold-welding of deformed and fragmented particles. This is particularly seen in Figure 2d , where elongated pore chains form a splat-like internal structure of particles with elongated pores and cracks. Particles of powder milled in liquid argon without the use of stearic acid (sample LAr-SS-700/4) are significantly larger than initial gas-atomized particles (see Figure 1a ,d) suggesting that process of cold-welding is faster than the process of fragmentation which may not occur at all. Particles of powders milled in liquid nitrogen (sample LN-SS-700/4 and especially sample LN-WC-650/3) are significantly smaller than sample LAr-SS-700/4 milled in liquid argon without SA, which might be connected to increased brittleness due to nitrogen contamination. Cold-welding is, nevertheless, present also in these conditions as illustrated in Figure 2b ,c.
On the other hand, stearic acid prevented cold-welding of particles. Each particle is repetitively deformed by compression and attrition forces resulting in flat and disc-shaped particles (Figure 1e ). Utilizing WC-Co balls (Figure 1f ) increased the intensity of milling and disc-shaped particles become thinner and their average volume is significantly lower. It is, therefore, suggested that thin discs fragmented during milling into smaller flat particles.
Microstructure and Transmission Kikuchi Diffraction
The sample milled in liquid argon LAr using stainless steel balls and with the use of stearic acid (sample LAr-SS-700/4-SA) was investigated in more detail. Conventional SEM and EBSD observations failed due to the small grain size of the powder particles.
STEM and TKD observations of the specimens were capable to visualize the refined structure. The lamella for microstructure investigation was cut directly from the powder embedded in an epoxy resin using FIB (focused ion beam) milling as illustrated in Figure 3 . The lamella was cut approximately parallel to the longitudinal direction of the particle visible on the cross-section surface. However, the exact orientation of the lamella with respect to the disc-shaped particle is unknown as the particle may not be mounted exactly perpendicularly to the cross-section surface. The misorientation between lamella and the particle can be up to 30 • . After cutting and lift-out of the lamella, central part of the lamella was carefully thinned by FIB using decreasing ion current.
The microstructure was observed using STEM detector in SEM at 30 kV as shown in Figure 4 . The heavily deformed microstructure with sub-grain sizes around 100 nm was observed. Note that the contrast in the Figure 4 is similar to diffraction contrast in TEM and sub-grains cannot be unambiguously distinguished from grains. Therefore, transmission Kikuchi diffraction (TKD) was performed to determine the grain orientation relationships and consequently the true grain structure of milled powder. TKD mapping also revealed texture with <0001> directions tilted 30-40 • from the A1-A3 plane. Note that the rotation along A2 axis cannot be precisely determined, because orientation of the lamella with respect to the original particle is not known. 
Contamination
Two types of contamination are usually involved in milled Ti-contamination from milling environment, namely process control agent (SA), atmosphere or cooling liquid (H, C, N, O), and contamination from balls and milling tank (Fe, WC-Co). The contamination by hydrogen, nitrogen and oxygen was measured by CGHE method and the results are summarized in Table 3 . Table 3 . Contamination of cleaned powders by carrier gas hot extraction (CGHE) analysis (estimated relative error 5%) and Vickers microhardness (HV0.002) of powder particles measured on the cross-section.
Sample
Hydrogen Nitrogen Oxygen HV0.002 (wt %) (wt %) (wt %) Hydrogen contamination was detected only in powders milled with SA as the process control agent. Concentration of nitrogen depends on the milling environment (LN vs. LAr), material of milling balls (i.e., the intensity of milling) and application of stearic acid. Milling in liquid nitrogen led to excessive nitrogen contamination exceeding 0.5 wt %. Nitrogen contamination was observed also after milling in liquid argon and could be reduced by utilization of stearic acid. Oxygen contamination is also substantial and seems to be rather independent of milling environment, milling intensity and application of stearic acid.
Area EDS analysis was performed on a particle cross-section to determine the concentration of heavier elements. Trace amount of Fe (0.5 wt % max.) was detected in all samples including the initial one and differences between samples were not detected. It indicates that Fe contamination in the gas atomized material, which is common in commercial purity Ti, did not increase during milling. The contamination of powder by iron from milling tank, shaft and stainless steel balls was therefore only limited.
On the other hand, small WC-Co particles (approximately 1 µm in diameter) were observed inside Ti particles milled in liquid nitrogen (sample LN-WC-650/3, Figure 6a ) and on the particle surface of powder milled in liquid argon with the use of stearic acid (sample LAr-WC-650/3-SA, Figure 6b) . In both cases, small WC-Co particles are fragments of grinding balls which became considerably brittle under low temperatures. In the sample LAr-WC-650/3-SA, no WC-Co particles were found within particle interior (investigated on cross-sections, Figure 2f ). This is attributed to the use of stearic acid, which prevents cold-welding of Ti particles, unlike in the sample LN-WC-650/3, where WC-Co particles are trapped in Ti particle interior by repetitive cold-welding. 
Microhardness
The results of microhardness measurements are shown in the very right column of Table 3 . The measurement was accompanied by several difficulties. Very low load of 0.002 kgf was applied to fit the indent within the particle interior. Evaluation of size of such small indents is imprecise which leads to high standard deviation of measured HV values. Finally, the measurement showed, that the hardness among particles of powders milled without the use of stearic acid is not fully homogeneous. In the sample LN-WC-650/3, indents near WC-Co particles were avoided.
It can be seen in Table 3 that microhardness significantly increases with increasing nitrogen content. In samples LAr-SS-700/4-SA and LAr-WC-650/3-SA, the contamination by nitrogen is limited and increased microhardness can be attributed to increased oxygen content and also microstructural refinement.
Discussion
Particle Size
Ti powder particles were not significantly fragmented by high-energy ball milling even at cryogenic temperatures. It is well known that α-Ti with low content of impurities remain ductile at cryogenic temperatures [26] as in the case of powders milled in LAr. Significant reduction of Ti powder particle sizes (to submicrometer level) was achieved only for contaminated powders [5] , such as powders milled in LN.
Microstructure
Milled powder observed by transmission Kikuchi diffraction exhibits ultra-fine grained structure with typical grain size of approximately 100 nm and high volume fraction of high-angle grain boundaries. Such structure is comparable to UFG Ti prepared by severe plastic deformation, namely by equal channel angular pressing (ECAP) [27] and high pressure torsion (HPT) [28] . It is, therefore, confirmed that deformation of particles during high-energy milling is qualitatively comparable to severe plastic deformation of bulk material.
TEM observations in [13] revealed similar ultra-fine grained structure in the heavily deformed shell (area in the vicinity of particle edge) of comparatively large and relatively round particles. However, using stearic acid in our study leads to the formation of smaller flat disc-shaped particles and equiaxed UFG structure inside the particles. However, planetary mill used in [13] leads to deformation mainly by compression between a ball and milling tank, while milling in so-called attritor mill causes deformation of a particle powder predominantly by attrition forces (shear) between two milling balls. The BPR (and therefore milling intensity) in [13] is also significantly lower than in this study (1.8:1 vs. 16:1 or 32:1), therefore the results cannot be quantitatively compared. As the result, particular effect of cryogenic temperature on microstructural refinement of Ti cannot be so far established and constitutes an interesting research issue for future investigation.
For the subsequent compaction (for instance by sintering techniques), the particle shape is not critical. However, the disc-shaped particles after milling with the use of SA would not be oriented randomly during compaction and consequently prevailing crystallographic texture within the particles could be transmitted to the bulk material. On the other hand, there are methods (for example selective laser melting), where good powder flowability is required for proper formation of powder layer. Atomized powders with spherical particles are therefore more suitable for this family of methods.
Texture
The texture observed in the prepared lamella as shown in Figure 5 originates by the nature of a milling process, where two dominating deformation mechanisms are involved: compression and shear in the particle plane. These deformation modes are very similar to those during rolling. Indeed, the observed texture is very similar to rolling texture in Ti, where <0001> poles are tilted by [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] • from the normal towards transverse direction and <1010> poles pointing towards the rolling direction [29] , which is caused by the preferential activation of specific slip systems. Note that texture was determined with respect to the lamella surface, while particle plane might be slightly tilted, which accounts for differences between typical rolling texture and the observed texture.
Contamination
Contamination is an inevitable problem of powder metallurgy and mechanical milling in particular due to large surface area of particles and formation of new surfaces during process. Contamination by Fe from stainless steel milling balls and milling tank was found insignificant, while contamination by H, N and O is critical.
Hydrogen contamination is related only to the use of stearic acid. Powder milled with stearic acid was cleaned by ethanol and during cleaning the contamination by hydrogen was reduced from approximately 1 wt % (not shown in results) to 0.03-0.05 wt % (see Table 3 ). It is, therefore, assumed that hydrogen is bonded in stearic acid even after milling and the cleaning procedure is efficient in removing excessive stearic acid. There are no signs of formation of titanium hydrides [10] , however, this eventuality cannot be ruled out. The stearic acid has only a minor effect as a source of oxygen contamination, since the oxygen content in the SA molecule is low.
There is always some oxygen and nitrogen present in the liquid argon, since it is produced by the fractional distillation of liquid air. The cryogenic liquid is therefore supposed to be the major source of contamination by O and N. Stearic acid prevents cold-welding of particles and may act as a protective film on a particle surface preventing nitrogen trapping. The overall contamination as measured by CGHE might be therefore higher in powders with larger relative surface area (namely for disc-shaped particles) due to contamination of surface of particles. This hypothesis is consistent with increased nitrogen and oxygen contamination in samples milled in liquid argon with the use of stearic acid (samples LAr-SS-700/4-SA and LAr-WC-650/3-SA). Note that the true contamination of particles interior could be lower than the overall contamination measured by CGHE method.
The measured nitrogen contamination is significantly lower than reported by Ertorer et al. [12] (0.59 wt % of N) after 8 h of milling in LAr. This may be caused by longer milling duration and different purity of cooling liquid.
Microhardness
Hardness of the Ti powder is influenced mainly by increased concentration of interstitials (namely N and O) and by the microstructural refinement. Nonetheless, the actual measured microhardness values might have been affected by the size of the powder particles. The distance of the indent from the edge of the particle was small and could not meet the technical standards for microhardness measurements of bulk samples. As the result, the measured HV values might be smaller than the true hardness, especially in the case of powders with smaller (flat) particles.
All milled powders showed higher microhardness when compared to the initial gas-atomized powder. Microhardness increase in powders milled in liquid nitrogen can be fully attributed to nitrogen contamination. Surprisingly high microhardness of samples milled in LAr without stearic acid (sample LAr-SS-700/4) can be attributed to grain refinement, nitrogen and oxygen contamination inside the particles and also to the fact that this powder was composed of biggest particles. On the other hand, particles of powders milled with the use of stearic acid (samples LAr-SS-700/4-SA and LAr-WC-650/3-SA) are thin and the microhardness might be underestimated. Despite of that, microhardness increased from the gas-atomized condition. It is assumed that since stearic acid avoided cold-welding, the contamination by oxygen and nitrogen is present predominantly at the particles surface. Therefore, the observed hardening can be mostly attributed to the microstructure refinement, which is consistent with results in [30] .
However, precise determination of the effect of microstructural refinement on the hardness would require utilization of nano-indentation technique and detail monitoring of spatial distribution of contaminants, which is beyond the scope of this study.
Conclusions
Commercially pure titanium powder was processed by cryogenic milling. It can be concluded that:
• Ti powder particle size was reduced by cryogenic milling in LN and LAr only at certain processing conditions when cold-welding was avoided.
• Transmission Kikuchi Diffraction (TKD) proved that high-energy attritor milling is capable of forming ultra-fine grained microstructure with grain size of approximately 100 nm and high fraction of high angle boundaries.
•
Milling in liquid nitrogen results in severe contamination of Ti powder by nitrogen.
• Stearic acid as process control agent prevents the cold-welding during milling. Powder particles changed shape from spherical to disc/plate-shaped particles.
• Milling with WC-Co balls leads to contamination by tungsten carbide particles.
Texture of disc-shaped particles is similar to the typical rolling texture of Ti.
Microhardness of all samples increased after milling as a result of contamination by nitrogen and oxygen and due to the dislocation/grain boundary strengthening.
